Introduction
Acacia hybrids formed by crossing A. auriculiformis and A. mangium were first discovered in the field in
Flowering phenology and germination ability of pollens for
Acacia mangium and A. auriculiformis Sabah, Malaysia during the 1970s (THAM, 1976; PEDLEY, 1978) . Because their morphological traits, such as growth rate, stem straightness, wood density, and resistance to pests and diseases, show superior silvicultural characteristics over both parents (KHA, 1996) , these hybrids have been subjected to mass propagation by rooted cutting. Artificial hybridization has already been carried out (SEDGLEY et al., 1991a ) and the wood properties have been discussed (KIM et al., 2009 ). In the future, it is expected that superior hybrids will be established by conducting numerous artificial pollinations with many combinations of parent trees.
However, because the flowering period of each spike is only 1 or 2 days (SEDGLEY et al., 1992) , and pollination is limited to the early morning hours (OGAWA et al., 2008) , the period available for artificial pollination for each flower is very short. SEDGLEY et al. (1991a) also reported that the average time taken for a single pollination to pollinate one spike of A. auriculiformis was more than 10 minutes, suggesting that the number of available artificial pollinations conducted per day is extremely low. Therefore, it is important to design an accurate annual plan for conducting systematic artificial pollination between parents and thus requires a thorough understanding of the flowering phenology of each parent tree beforehand. Although there have been a few studies investigating the flowering phenology of A. Mangium and A. auriculiformis on forest stands (JOSUE, 1992; SEDGLEY et al., 1991b) , no studies have been conducted to detect the flowering phenology of each tree.
Generally, the flowering phenology is determined by biotic and abiotic factors (RATHCKE and LACEY, 1985) and great variations of flowering phenology among cultivars or clones have been reported on other tree species (MATTHEW et al., 2004; GARCIA-MOZO et al., 2009) . Among the biotic factors, the seed source, i.e. the ecotype, may also be one of the factors influencing flowering phenology within a species (NORCINI et al., 2001; HARTMAN et al., 2012) . A. mangium and A. auriculiformis are distributed from the northern part of Australia to Papua New Guinea (PNG), and the Commonwealth Scientific and Industrial Research Organization (CSIRO) stores a lot of seeds that have been collected from many seed lots (sources) (PINYOPUSARERK et al., 1991) ; high genetic differentiation between populations has been detected (WICKNESWARI and NORWATI, 1993) . Therefore, if seedlings from many seed sources are planted in the same area, the variations in flowering phenology among them would be apparent. Moreover, if there are any variations in flowering phenology among seed sources, artificial pollination should be conducted more systematically because the annual planning for conducting artificial pollination between the parents can be designed beforehand.
In addition, it is important to comprehend the germination ability of pollens beforehand in order to systematically conduct artificial pollination, because germination ability is closely related to the success of artificial pollination (SEDGLEY et al., 1993) . Although it has been reported that there are clonal variations in the germination ability of pollens for other tree species, such as several rose varieties (VISSER et al., 1977) , there have been no precise reports in which variations in the germination ability of pollens among seed sources or clones of A. mangium and A. auriculiformis were detected. If there are any variations, the number of artificial pollinations must be determined based on the germination ability of pollens for each cross combination in order to obtain an adequate number of mature seeds.
Furthermore, it has been reported that the flowering phenology between A. mangium and A. auriculiformis (JOSUE, 1992; SEDGLEY et al., 1991b) is not synchronous. This suggests that, to conduct artificial pollination, pollens from a tree which comes into flower earlier must be stored until a later period when another tree comes into flower. SEDGLEY et al. (1993) reported that the most successful and convenient method of pollen storage involved vacuum drying followed by storage at -18°C. Although YAMAGUCHI and OGAWA (2008) reported that the germination rate of pollens stored at -18°C remains at a high level even 2 months after collection, they did not detect any variations in the germination rate of pollens among seed sources or clones. Thus, it is important to detect variations in order to systematically conduct artificial pollination.
In this paper, the flowering phenology of A. mangium and A. auriculiformis was investigated for three seasons using 19 and 23 clones which consisted of 17 and 8 seed sources, respectively. Pollen samples were also collected from flowering spikes and immediately stored at -18°C. The germination rate was investigated at 1 day, 6 months, and 12 months following the collection of pollens. We analyzed the variations in the flowering phenology and germination ability of pollens among clones and seed sources, and within seed sources, and discussed the steps for systematically conducting artificial pollination.
Material and Methods

Study sites and sample trees
This study was conducted at the Iriomote Tropical Forest Tree Breeding Technical Garden at the Forest Tree Breeding Center of the Forestry and Forest Products Research Institute in Okinawa Prefecture, southwestern Japan from April 2008 to January 2012. Climate data recorded at the nearest weather station is listed in Table 1 , which suggests that this area is subtropical because the annual temperature is mostly around 24°C. For analyzing variations in the flowering phenology and germination ability of pollens for A. mangium and A. auriculiformis, seeds were bought from CSIRO in 1996. The number of seed sources was 20 for both species. Twenty seeds from each seed source were sowed in the nursery. After 6 months, the surviving seedlings (about 300) were planted in an experimental plot at intervals of 2 m ϫ 2 m, covering 0.3 ha. In 2003, clones consisting of two ramets were established by layering from 24 A. mangium and 27 A. auriculiformis seedlings that grew smoothly. All layered ramets were potted (black color, diameter of 50 cm, and height of 45 cm) at the experimental area at intervals of 3 m ϫ 3 m, covering 0.1 ha. As of 2008, however, some of the layered ramets were dead because of tremendous typhoons, so the number of sample clones of each species with at least one ramet and the number of seed sources constituting the clones were 19 and 17 for A. mangium and 23 and 8 for A. auriculiformis, respectively. The number of ramets used for each clone is shown in Tables  2 and 3 . The height of each ramet was maintained at 3 m by pruning for easy observation of flowers.
Investigation of flowering period
In 2006 and 2007, we roughly observed the flowering period of sample ramets, with the result that, on some ramets, flowering continued from November to January of the next year. This observation suggests that if one season within a year was regarded as being from January to December, the flowering period could not be specified on the ramets whose flowering period was spread over parts of two consecutive years. Therefore, as a ref- From April 2008 to March 2011, the flowering of each ramet was visually observed every 3 or 4 days. By this observation, we could know both the flowering initiation and flowering period of each ramet for each season. The unit we used for a flowering period was an interval of '10 days', which was regarded as one period so that if the flowering initiation took place in early September and the flowering termination took place in late December, the flowering initiation (divided into early-, mid-, and late-month) and the flowering period are shown as 'early Sept., 12'. The percentage of flowering for each clone in each season was calculated by dividing the number of flowering ramets by the number of ramets used.
Pollen collection and germination test
To collect pollen from A. mangium and A. auriculiformis ramets, a tube (bore, 0.5 cm; length, 7 cm) was inserted into a spike when nearly all flowers on the spike had bloomed. To collect as many pollen grains as possible, the tube was moved up and down in the spikes 5 to 10 times, and pollen was collected from each clone, regardless of the ramet. Tubes containing very little pollen by observation with binoculars were excluded from the germination test. Following pollen collection, a tube was covered with medicine paper and immediately stored at -18°C until later being subjected to germination tests. Germination tests were conducted at 1 day, 6 months, and 12 months from the time of pollen collection, as previously described (YAMAGUCHI and OGAWA, 2008) . Briefly, pollen was removed from the stored tubes using a brush, and was then dropped on the surface of a medium consisting of 20 % sucrose and 1% agar in a petri dish. Following incubation at 23°C for 48 h, the condition of the polyads that consisted of 16 pollen grains was examined under a microscope. Polyads with at least one extended pollen tube were considered germinated. Five spikes were used for a germination test for each storage period, and if the number of available sample tubes was less than 15 for each clone of each season, germination tests were canceled when the range of available tubes was between zero and nine; germination tests 6 months after collection were canceled when the range of available tubes was between 10 and 14. The mean germination rate of each clone was calculated for each storage period investigated.
Statistical analysis
Seasonal fluctuations were compared from the mean percentage of flowering per clone using the t-test, and from the flowering initiation and flowering period using the Kruskal-wallis test. The mean percentage of flowering per clone, the flowering initiation and the flowering period were compared among clones and seed sources, and within seed sources using the Kruskal-wallis test. Multiple comparison tests were conducted among A. auriculiformis clones and seed sources on flowering initiation and the flowering period (SIEGEL and CASTEL- LAN, 1988 ). The germination rates of pollens were compared among clones and seed sources, and within seed sources in relation to pollen storage periods and seasons using one-or two-way ANOVA. Furthermore, a significant decrease in the germination rate of pollens with an increase in storage days for each clone was calculated using the t-test. All statistical analyses were performed using STATISTICA version 6 (StatSoft Inc. Tulsa, OK).
Results
Flowering phenology
After layering, no ramets flowered until 2008 on A. mangium, whereas ramets flowered from 2006 on A. auriculiformis. During the flowering period of each ramet, flowering continued without a break for all sample ramets for all seasons. The mean percentage of flowering per clone was low for all seasons on A. mangium and did not show significant variations among the seasons (t-test; t = 1.1 to 1.8, P > 0.05) ( Table 4) . On the other hand, the mean percentage of flowering per clone was greater than 60 % for all seasons on A. auriculiformis and did not show significant variations among the seasons (t-test; t = 0.3 to 1.0, P > 0.05) ( Table 5) . Clones 525, 576, 112, 114, 116, 122, 126, 131, 136, 137 , and 153 did not flower in a single season, even if those ramets had flowered in the previous season. For seed source g all ramets flowered for all seasons.
The flowering initiation on any ramet varied with the seasons on both tree species; in December (clones 525 and 576) for the 2008 season and in September (clone Table 4 . -Sample clones, seed source of the clone, number of ramets examined, and location of the seed source for A. auriculiformis.
1, Northern Territory of Australia. Mean percentage of flowering is calculated by dividing the number of flowering ramets by the number of ramets used. Table 8 shows the results of a Kruskal-wallis test for detecting the variations on the percentage of flowering per clone, the flowering initiation, and the flowering period among clones and seed sources, and within each seed source on both tree species, using all the data for the three seasons combined. The percentage of flowering per clone did not show significant variations among clones and seed sources, or within seed sources on A. mangium (P > 0.05). On the other hand, it did not show Table 6 . -Flowering initiation and flowering period on each A. mangium ramet.
Ramets with no flowering for three years are not listed. significant variations among clones (P > 0.05), but did show significant variations among seed sources and within one of seven seed sources on A. auriculiformis (P < 0.05).
The flowering initiation did not show significant variations among clones and seed sources on A. mangium (P > 0.05). On the other hand, it showed significant variations among clones and seed sources, and also within one of seven seed sources on A. auriculiformis (P < 0.05). The results of multiple comparison tests among the clones indicated that the flowering initiation on clones 147 and 148 were significantly earlier than that on clone 135 (P < 0.05). Similarly, those results among seed sources indicated that the flowering initiation on seed source g were significantly earlier than those on the seed sources b, d, f, and h (P < 0.05).
The flowering period did not show significant differences among clones and seed sources on A. mangium (P > 0.05). On the other hand, it did show significant differences among clones and seed sources (P < 0.05), but did not show significant differences within seed sources, on A. auriculiformis (P > 0.05). The results of multiple comparison tests among clones indicated that there were no significant differences in the flowering period (P < 0.05). However, those results among seed sources Table 9 . -Germination rates of pollens (mean±SE) on each A. mangium clone. ** : P < 0.01, * : P < 0.05. Table 10 . -Germination rates of pollens (mean ± SE) on each A. auriculiformis clone. ** : P < 0.01, * : P < 0.05. Kato et. al.·Silvae Genetica (2012) [228] [229] [230] [231] [232] [233] [234] [235] [236] DOI:10.1515/sg-2012-0029 edited by Thünen Institute of Forest Genetics indicated that the flowering period on seed source g were significantly longer than those on seed sources b, d, e, and h (P < 0.05).
Germination rate of pollens
The number of clones available for germination testing was 2 in the 2010 season on A. mangium, and 8, 17, and 13 in the 2008, 2009, and 2010 seasons on A. auriculiformis, respectively. The germination rates of pollens per clone in the 2010 season were 52.8 % and 20.5 % 1 day after being stored, 15.9 % and 9.8 % after 6 months, and 33.3 % and 10.9 % after 12 months on A. mangium ( Table 9) Table 10) . The pollen germination rates were generally consistent among sample spikes on each day that was investigated for all clones, because of the low levels of standard errors (mostly less than 10). On the other hand, the pollen germination rates showed significant differences among clones for all seasons and for all storage periods, with the exception of one case of A. mangium that was stored for 6 months (one-way ANOVA, F = 5.5 to 157.6, P < 0.01). Also, the pollen germination rates showed significant differences in 15 of 26 available cases within seed sources (one-way ANOVA, F = 5.6 to 287.8, P < 0.05).
The pollen germination rates varied significantly among the stored days of pollens in about half of the clones in the 2008 and 2009 seasons, and in all but two clones (130 and 146) in the 2010 season, 24 cases in total (one-way ANOVA, F = 4.0 to 136.5, P < 0.01). In nine of these 24 cases, for significant variance, the pollen germination rates decreased significantly after 12 months in storage (t-test, t = 2.6 to 6.1, P < 0.05). Furthermore, significant seasonal fluctuations for the pollen germination rates were detected in eight out of 13 clones (twoway ANOVA, F = 12.2 to 116.4, P < 0.01).
Discussion
As was the case in the report on the variation in growth rates of A. auriculiformis among seed sources (RYAN et al., 1991) , we have detected variations or differences in the flowering phenology of A. auriculiformis, such as the percentage of flowering per clone, the flowering initiation, and the flowering period, not only among the clones but also among the seed sources, compared to within the seed sources (Tables 5, 7, and 8) . Therefore, as stated in the report on tree species such as Taraxacum officinale and Olea europaea (COLLIER and ROGSTAD, 2004; GARCIA-MOZO et al., 2009) , genetic factors also in some degree affect the flowering phenology of A. auriculiformis.
On A. mangium, however, we could not detect significant variations or differences in the flowering phenology due to the low percentage of flowering per clone (Tables 4, 6 and 8). SEDGLEY et al. (1991b) mentioned that, on dry sites, A. mangium produced fewer flowers than A. auriculiformis. Although this study's experimental area is generally wet, judging from the mean annual precipitation (Table 1) , all ramets were potted for easy transport whenever typhoons were nearby. This regimen may cause ramets to have very dry conditions and thus suppress the flowering of A. mangium. Therefore, we are now examining whether most of the A. mangium sampled in this study will flower when plenty of water is applied. SEDGLEY et al. (1991a) found a single major peak between March and May for both species in Atherton, Australia compared with major peaks in Malaysia in January and July-August for A. mangium and A. auriculiformis, respectively. Similarly, KIANG et al. (1989) reported that in Taiwan, near the Iriomote Tropical Forest Tree Breeding Technical Garden, the flowering period of both species overlapped between October and November. These results suggest that in sub-tropical areas like Atherton, Taiwan and Iriomote Island with annual fluctuations in temperature, the flowering period of both species is synchronized in a manner unlike that of tropical areas like Malaysia. In this study, the flowering period of both species also overlaps in the 2008 and 2010 seasons, but the period is apparently longer for A. auriculiformis. NOR-AINI et al. (2006) reported that genetic variation is wider on A. auriculiformis than on A. mangium. This suggests that even if the percentage of flowering per clone increases on sampled A. mangium by applying water, the variations or differences in the flowering phenology of A. mangium are not as broad as those of A. auriculiformis because of narrow genetic variations.
From the results on the percentage of flowering per clone, we have detected that both A. mangium and A. auriculiformis ramets do not always flower each year on most of the seed sources (Tables 4 and 5) . Sakai (2001) reported that only 29 % of tropical trees showed an annual flowering pattern, suggesting that the irregular annual flowering pattern of the tree species is a general trait of tropical trees. The same irregular annual flowering trait is also reported in other species of the Acacia genus (EDDY and JUDD, 2003) . On both tree species, SEDGLEY et al. (1992) investigated the flowering phenology of 10 trees for 3 years in northern Queensland and reported that in the third year the overall flowering period was shorter compared with other years investigated, and also that only four A. mangium and three A. auriculiformis trees flowered in the peak flowering months, suggesting that, although they did not investigate the flowering phenology of each tree, it is probable that the tree species at that site do not always flower each year. This suggests that the tree species have irregular flowering phenology traits, regardless of the planted area. Thus, although in this study there is a seed source (g) from which all ramets flowered for all seasons, it is necessary to store pollens collected from as many male adults as possible, because we must assume that ramets used for female adults do not always flower each season.
By defining the period from April to March of the following year as one season in this study, we can detect significant variations and differences in the flowering initiation and the flowering period among seed sources Kato et. al.·Silvae Genetica (2012) [228] [229] [230] [231] [232] [233] [234] [235] [236] although those are similar on some seed sources. Especially on seed source g, the flowering initiation occurred earlier and the flowering period was longer than that on other seed sources. This seed source is located in Thailand, where it is separated from other seed sources (Table 3) . This flowering phenology may change specifically in response to the climatic condition at that site. CSIRO keeps A. auriculiformis seeds from more than 50 seed sources and in this study less than half of the seed sources were examined for their flowering phenology. Therefore, it is probable that more seed sources exist that show a specific flowering phenology.
If ramets originating from seed source g, which come into flower early and flower for a long period, are selected for artificial pollination, then artificial pollination can be easily conducted because of their longer flowering period. On the other hand, if ramets originating from seed sources b, d, and h, which come into flower late and flower for a short period, are selected for artificial pollination, the pollination must be conducted within a limited time because of the shorter flowering period.
On one of two A. mangium clones and most A. auriculiformis clones, the germination ability of stored pollens did not decrease even if the pollens were stored for 12 months using the accurate storing method reported by SEDGLEY et al. (1993) (Tables 9 and 10) . However, the germination ability of pollens was not as consistent among clones as in a previous report on several rose varieties (VISSER et al., 1977) and occasionally varied with the number of stored days of the pollens. KATO (2011) indicated that the germination ability of pollens 1 day after collection varied greatly among the sampling days, even if the pollens were collected from one ramet. This suggests that it is important to check the germination ability of pollens on each collection day and the number of mature seeds obtained per artificial pollination should be assumed for each cross combination by the information on the germination ability of pollens used as male adults; if the germination ability of pollens on one clone on some collection day is low, more artificial pollinations should be conducted to obtain an adequate number of mature seeds.
Furthermore, as noted in the report on the plant species Rosa hybrida (GUDIN et al., 1991) , there are annual fluctuations in the germination ability of pollens on A. auriculiformis collected from the same clones. This suggests that if pollens used as male adults are collected from a ramet for several seasons, the germination ability of pollens should be investigated every season; in a season when the germination ability of pollens is low, more artificial pollinations should be conducted to obtain an adequate number of mature seeds. Accordingly, it has been detected that there are variations in the flowering phenology among seed sources on A. auriculiformis and in the germination ability of pollens among clones on A. mangium and A. auriculiformis, and the germination ability of pollens varies among seasons on the same clones. Therefore, to obtain an adequate number of mature seeds from each cross combination, it is important to design accurate artificial pollination planning each season in order to more systematically conduct artificial pollination.
